We identified a previously unidentified conotoxin gene from Conus generalis whose precursor signal sequence has high similarity to the O1-gene conotoxin superfamily. The predicted mature peptide, αO-conotoxin GeXIVA (GeXIVA), has four Cys residues, and its three disulfide isomers were synthesized. Previously pharmacologically characterized O1-superfamily peptides, exemplified by the US Food and Drug Administration-approved pain medication, ziconotide, contain six Cys residues and are calcium, sodium, or potassium channel antagonists. However, GeXIVA did not inhibit calcium channels but antagonized nicotinic AChRs (nAChRs), most potently on the α9α10 nAChR subtype (IC 50 = 4.6 nM). Toxin blockade was voltage-dependent, and kinetic analysis of toxin dissociation indicated that the binding site of GeXIVA does not overlap with the binding site of the competitive antagonist α-conotoxin RgIA. Surprisingly, the most active disulfide isomer of GeXIVA is the bead isomer, comprising, according to NMR analysis, two wellresolved but uncoupled disulfide-restrained loops. The ribbon isomer is almost as potent but has a more rigid structure built around a short 3 10 -helix. In contrast to most α-conotoxins, the globular isomer is the least potent and has a flexible, multiconformational nature. GeXIVA reduced mechanical hyperalgesia in the rat chronic constriction injury model of neuropathic pain but had no effect on motor performance, warranting its further investigation as a possible therapeutic agent.
αO-conotoxin GeXIVA | α9α10 nAChR | nicotinic | NMR | pain C one snails of the Conus genus are predatory marine organisms that hunt a variety of prey types, ranging from fish to worms. Venoms from these carnivorous snails are a particularly rich source of diverse peptide ligands. Due to intense evolutionary pressure, the venoms of the ∼700 known species of Conus snails represent a vast combinatorial library of neuroactive ligands. Such ligands have been developed as effective pharmacological agents for distinguishing among subtypes of nervous system receptors and ion channels (1) . One example of a Conus-based peptide developed as a drug is ω-conotoxin MVIIA or ziconotide, which has US Food and Drug Administration approval as an analgesic for intractable pain. Historically, novel native peptides have been obtained by venom purification (2) , but recent advances in molecular biology have provided important new ways to access and classify natural polypeptide libraries via nucleic acid analysis (3) .
Nicotinic AChRs (nAChRs) are widely used throughout the animal kingdom to enable and facilitate motor movement and sensory processing, and they represent a fundamental target of predatory organisms, including cone snails. The nAChRs are ligandgated ion channels formed from the assembly of five homologous subunits, with neuronal nAChRs assembled from a combination of α-and β-subunits. In vertebrates, there are at least 12 such subunits (α2-α10 and β2-β4) (4); some invertebrates have twice this number (5) . Different combinations of nAChR subunits form subtypes of nAChRs that are used for diverse yet discrete functions. Our understanding of these functions would be greatly facilitated by the discovery and characterization of selective probes.
The α9α10 subtype of nAChR is well known for its function in mediating synaptic transmission between efferent olivocochlear fibers and hair cells of the cochlea (6) . More recently, α9α10 nAChRs have been found in adrenal chromaffin cells, where they may modulate responses to stress (7) . In addition, transcripts for the α9 and/or α10 subunit have been reported in a variety of nonneuronal cells, including immune cells. Reduced function of α9α10 nAChR is associated with a beneficial alteration of immune function in animal models of chronic pain and experimental autoimmune encephalomyelitis (8, 9) . In vertebrates, the α9 and/or α10 subunit might be a primordial ancestor of the nAChR family (10, 11) .
Conotoxins are grouped into superfamilies based on conserved endoplasmic reticulum (ER) signal peptide sequences. The current study describes the discovery and characterization of a previously unidentified O1-superfamily conotoxin, GeXIVA, representing a previously unidentified structural family of
Significance
The α9α10 nicotinic AChR (nAChR) subtype is a recently identified target for the development of breast cancer chemotherapeutics and analgesics, particularly to treat neuropathic pain. Structure/function analyses of antagonists of this subtype are therefore essential for the development of specific therapeutic compounds. The Conus genus is a rich source of pharmacologically active peptides, and we report here that the αO-conotoxin GeXIVA is a potent and selective antagonist of the α9α10 nAChR subtype. GeXIVA displays unique structural properties among other Conus peptides and represents a previously unidentified template for molecules active against neuropathic pain.
conotoxins suitable for probing the structure and function of the α9α10 nAChR.
Results
Discovery of a Clone Encoding GeXIVA from Conus generalis. Conotoxins (i.e., disulfide-rich conopeptides) are classified according to three criteria: similarities in the ER signal sequences of the conotoxin precursors (gene superfamilies), the Cys patterns of conotoxin mature peptide regions (Cys frameworks), and specificities for pharmacological targets (pharmacological families). In an effort to discover novel conotoxins, we examined the worm-hunting cone snail Conus generalis. Specimens were collected from the South China Sea, and dissected venom ducts were used for cDNA cloning of novel conotoxins by RT-PCR.
The O1-superfamily of conotoxins is well-known for its activity on voltage-gated calcium channels (VGCCs). For example, ω-conotoxins are now widely used as defining ligands for VGCCs. There have, however, been reports of ω-conotoxins that not only potently block calcium channels but also have comparatively weak activity on nAChRs (12) . We therefore wished to assess whether some O1-superfamily peptides might antagonize nAChRs. We used O1-superfamily primers to identify a cDNA clone encoding a precursor with high homology to known O1-superfamily precursors (13) ( Table S1 ). The gene encodes a signal sequence of 22 amino acids, a proregion of 24 residues, and a C-terminal mature toxin region of 28 amino acids, some of which are predicted to be posttranslationally processed (Table S1 ). The mature conotoxin is separated from the proregion by the proteolytic site RLPK. Its precursor (GeXIVAP) sequence has been deposited in GenBank with accession no. KP793740.
A notable feature of this previously unidentified conotoxin is that the 4-Cys framework of the predicted mature peptide differs from the 4-Cys framework of previously characterized O1-gene superfamily conotoxins, which have a 6-Cys pattern with three disulfide bridges (Table S1 ). Despite the high sequence identity (>60%) between their ER signal peptide sequences, previously characterized O1-superfamily peptides display different mature peptide sequences. The previously unidentified 28-residue peptide reported here is highly divergent from previously characterized conopeptides and has nine Arg residues. It was named αO-conotoxin GeXIVA (αO-GeXIVA, GeXIVA) and constitutes a previously uncharacterized structural member of the conotoxin family.
Chemical Synthesis and Folding of GeXIVA. Because the disulfide connectivity of GeXIVA was not known, we synthesized homologs with the three possible disulfide bond arrangements: Cys2-Cys20, Cys9-Cys27 (globular, GeXIVA [1, 3] , where [1, 3] indicates the connection of the first disulfide); Cys2-Cys27, Cys9-Cys20 (ribbon, GeXIVA [1, 4] ); and Cys2-Cys9, Cys20-Cys27 (bead, GeXIVA [1, 2] ) (Fig. 1) . The Cys side chains were protected in pairs with orthogonal protecting groups that were removed selectively under different conditions, allowing the formation of one disulfide bridge at a time. The third and fourth, second and fourth, or second and third Cys residues were protected with acid-labile groups, which were simultaneously removed during cleavage from the resin. Ferricyanide was used to close the first disulfide bridge. Reverse-phase HPLC was used to purify the monocyclic peptide; subsequently, the acid-stable acetamidomethyl groups were removed from the remaining two Cys by iodine oxidation, which also closed the second disulfide bridge. HPLC was then used to purify the three fully folded peptide isomers (Fig. S1 A-C). Isomers were coeluted in pairs (∼1:1 ratio) to compare elution profiles (Fig. S1 D-F) . The chromatograms show that GeXIVA [1, 2] and GeXIVA [1, 3] had the same retention time and overlap in elution profiles. MALDI-TOF MS was used to confirm the structure of the products. The observed monoisotopic mass (in daltons) of each isomer was as follows: 3,451.3 Da (GeXIVA [1, 2] ), 3,451.7 Da (GeXIVA [1, 3] ), and 3,451.9 Da (GeXIVA [1, 4] ), which are in good agreement with the theoretical value (3,451.96 Da).
Synthetic peptides with these disulfide bond arrangements were used in all subsequent studies. Two peptides corresponding to residues 9-20 and 10-19 were also synthesized to probe the 3D structure in this region of the molecule further.
Effect of GeXIVA on nAChR ACh-Evoked Currents. The nAChR antagonists are major components of cone snail venoms. We therefore tested the GeXIVA isomers for inhibition of rat nAChR subtypes. Pairwise combinations of rat nAChR subunits were heterologously expressed in Xenopus oocytes. Screening was initially performed at a concentration of 10 μM. The most potent activity was observed at the α9α10 nAChR subtype. Concentration response experiments on rat α9α10 nAChR were then conducted. Among the three isomers, GeXIVA [1, 2] (bead form) was the most potent at the α9α10 nAChR with an IC 50 of 4.6 nM (3.2-6.7 nM), followed by GeXIVA [1, 4] (ribbon form) with an IC 50 of 7 nM (3.6-13.4 nM). Surprisingly, GeXIVA [1, 3] (the globular form) was the least active, with an IC 50 of 22.7 nM (11.8-43.5 nM) ( Fig. 2A) . Representative responses to ACh of α9α10 nAChRs in the presence and absence of GeXIVA [1, 2] are shown in Fig. 2B . Potent blockade of ACh-evoked currents was obtained with 100 nM GeXIVA [1, 2] on α9α10 nAChR, and this block was rapidly reversible.
The effects of GeXIVA [1, 2] on other nAChRs heterologously expressed in oocytes were tested. In contrast to its activity on α9α10 nAChRs, GeXIVA [1, 2] was substantially less potent on the other nAChR subtypes (Fig. S2 A-E). For example, the IC 50 ratios of each nAChR subtype compared with the IC 50 ratio of α9α10 ranged from 86 (mouse muscle nAChR, α1β1δe) to over 1,100-fold (α3β4). The activities of GeXIVA [1, 2] on rat α7 and mouse α1β1δe nAChRs were similar to each other, with IC 50 s of 415(264-655) and 394(311-498) nM, respectively. When a β4 rather than β2 nAChR subunit was coexpressed with the α2, α3, α4, and α6 subunits, the IC 50 for GeXIVA [1, 2] was much higher, suggesting that amino acid residue differences between the homologous β-subunits significantly influence GeXIVA [1, 2] potency ( Table 1) .
The α9α10 nAChRs are known to be highly permeable to calcium. In Xenopus oocytes, there is an endogenous Cl − channel and the entry of Ca 2+ through the α9α10 nAChR elicits a secondary response via Ca 2+ -activated chloride currents. The magnitude of this response in Xenopus oocytes is large and can comprise >90% of the observed ACh-induced current (14, 15) . We therefore wished to assess whether blockade of the ACh response by GeXIVA occurred by blockade of the α9α10 nAChR per se, or secondarily by blocking Ca 2+ -activated chloride currents. To accomplish this assessment, we substituted the closely related divalent Fig. 1 . Peptide sequence of αO-conotoxin GeXIVA using a one-letter code showing the disulfide connectivities of the globular, ribbon, and bead isomers in schematic form and the sequence of the fragment peptide from R10-Y19. The globular, ribbon, and bead forms are denoted throughout the main text as GeXIVA [1, 3] , GeXIVA [1, 4] , and GeXIVA [1, 2] , respectively, denoting the disulfide connectivity of the first disulfide bond in each case, with the second disulfide bond defined by default. Labeling of the Cys numbering is shown for the bead isomer.
cation Ba ++ , which does not elicit a chloride current, for Ca
2+
, and retested the effect on GeXIVA. Using the Ba ++ buffer, the α9α10 nAChR was most potently blocked by GeXIVA [1, 2] with an IC 50 of 3.8 nM (3.1-4.8 nM); GeXIVA [1, 3] and GeXIVA [1, 4] had an IC 50 of 37 nM (25.0-55.7 nM) and 5.8 nM (4.7-7.1 nM), respectively (Fig.  S2F) . Thus, the potencies of the GeXIVA isomers in the presence of Ba ++ were similar to the potencies of the GeXIVA isomers seen in the presence of Ca 2+ , consistent with the toxin effect being due to blockade of the nAChR rather than blockade of Ca 2+ -activated chloride channels.
Mechanism of Blockade of α9α10 nAChR by GeXIVA [1, 2] . We first investigated the voltage dependence of the blockade by GeXIVA [1, 2] . Oocytes expressing α9α10 nAChR were voltage-clamped at holding membrane potentials ranging from −90 to +50 mV in ND96 and Ba ++ ND96 media. Responses to ACh were calculated as the percentage of the response to ACh observed at −90 mV. Currentvoltage relationships were determined by altering the voltage by 10-mV steps once every 1 min and measuring responses to a 1-s pulse of ACh ( Fig. S3 A and B) . Blockade by GeXVIA [1, 2] was strongly voltage-dependent, and, consistent with previous reports, markedly more current passed through the channels at hyperpolarized potentials (15) . The IC 50 of GeXIVA [1, 2] in ND96 at −70 mV was 24-fold lower than at +30 mV (Fig. S3C) . Similarly, in Ba ++ ND96, the IC 50 at −70 mV of membrane potential was 32-fold lower than the IC 50 of GeXIVA [1, 2] in ND96 observed at +30 mV (Fig. S3D) .
Voltage-dependent blockade suggests binding to an allosteric site or a channel pore of the receptor rather than the ACh-binding site. To assess the site of blockade, we used a different antagonist of the α9α10 nAChR, RgIAm. RgIAm [sequence GCCTDPRCCitTyr(I)QCR, where Cit is citrulline and Tyr(I) is monoiodoTyr] is an analog of α-conotoxin RgIA, a competitive inhibitor of α9α10 nAChRs (16, 17) . RgIAm was chosen for these experiments because blockade by RgIAm is slowly reversed upon toxin washout, whereas the block by either GeXIVA [1, 2] or RgIA was rapidly reversed (Fig. 3) . We reasoned that if the toxin-binding sites overlap, GeXIVA [1, 2] should prevent binding of RgIAm to the α9α10 nAChR when both toxins are present in solution. However, preincubation with a high concentration of GeXIVA [1, 2] failed to prevent subsequent access to the nAChR by RgIAm, as evidenced by the slow recovery from washout of both toxins. As a control, we repeated the experiment using native RgIA (which has rapid disassociation kinetics) in place of GeXIVA [1, 2] . In contrast to the result with GeXIVA [1, 2] , preincubation with RgIA prevents subsequent binding of RgIAm, consistent with binding to the same site on the receptor. Thus, GeXIVA [1, 2] and RgIAm appear to define distinct, nonoverlapping binding sites on the α9α10 nAChR.
We then tested the concentration dependence of the effects of preincubation of RgIA or GeXIVA [1, 2] on the washout kinetics of blockade by 20 nM RgIAm. Blockade of α9α10 nAChRs by either RgIA or GeXIVA [1, 2] is reversed after 2 min of toxin washout. In contrast, after application of RgIAm, >95% of the α9α10 nAChR response remains blocked 2 min after RgIAm washout. We therefore preincubated the oocytes with varying concentrations of RgIA or GeXIVA [1, 2] , followed by coincubation of RgIA + 20 nM RgIAm or GeXIVA[1,2] + 20 nM RgIAm, respectively. The percentage of the block remaining after a 2-min of washout of both toxins was then assessed. Preincubation with RgIA followed by coapplication of RgIA + RgIAm resulted in an RgIA concentration-dependent effect on recovery of blockade. Increasing concentrations of the rapidly reversible RgIA resulted in faster recovery from nAChR blockade by RgIA + RgIAm, and therefore less total blockade 2 min after toxin washout (Fig. 3F ). This result is consistent with RgIA preventing the subsequent binding of RgIAm. In contrast, increasing concentrations of GeXIVA [1, 2] had no effect on the recovery from blockade by GeXIVA [1, 2] + RgIAm at any GeXIVA [1, 2] concentration tested. This result is consistent with GeXIVA [1, 2] binding to a separate site from RgIAm.
Lack of Effect of GeXIVA on Voltage-Dependent Calcium Channels.
Previously identified members of the conotoxin O-superfamily are potent blockers of VGCCs. We therefore tested the effects of GeXIVA isomers on VGCCs from dissociated rat dorsal root ganglia (DRG) neurons. Neither GeXIVA [1, 2] nor GeXIVA [1, 4] at 1 μM significantly affected calcium currents in DRG neurons (Fig. S4 ). DRG calcium channels are composed of ∼50% N type (Ca V 2.2), ∼24% P/Q type (Ca V 2.1), and ∼13% L type (Ca V 1.2), with the remainder being R type (probably Ca V 2.3) (18) (19) (20) .
Structural Characterization of GeXIVA. The three disulfide isomers of GeXIVA were examined by NMR to determine their solution structures. Unexpectedly, the 1D NMR spectrum of the globular isomer displayed significant peak broadening, potentially indicative of either conformational exchange or aggregation, but the latter was eliminated by the results of NMR diffusion experiments, which suggested a hydrodynamic radius consistent with a monomer. The 1D spectra of the ribbon and bead isomers were much sharper (Fig. 4) . The 2D NMR spectra of the bead and ribbon isomers Fig. 2 . αO-conotoxin GeXIVA blocks rat α9α10 nAChRs. (A) Concentration response of GeXIVA isomers on α9α10 nAChRs. Oocytes expressing α9α10 nAChR were voltage-clamped at −70 mV and subjected to a 1-s pulse of 10 μM ACh every minute as described in Materials and Methods. The IC 50 [1, 2] . The "C" responses are control, following which the oocyte was exposed to peptide for 5 min. The arrow denotes the first ACh response in the presence of toxin. Peptide was then washed out, and subsequent responses to ACh were measured at 1-min intervals. Blockade of α9α10 nAChRs was rapidly reversed. were fully assigned, but not the 2D NMR spectra of the globular isomer due to peak overlapping and broad lines. Changes in temperature and pH did not resolve this overlap. Analysis of αH secondary shifts, calculated by subtracting random coil αH shifts (21) from the experimental Hα shifts, showed little evidence of well-defined secondary structure elements in any of the isomers (Fig. S5) . The secondary shifts in the middle of the peptide sequence (residues 9-20) suggest a tendency toward helical content, particularly for the ribbon isomer, but addition of helix-inducing d 3 -trifluoroethanol (TFE) as a cosolvent caused little change to the secondary αH shifts. Fig. S6 (Inset) shows the secondary αH shifts of two synthetic peptides corresponding to the "loop" region of the ribbon isomer, or the "linker" region of the bead isomer. The data indicate that the short linear peptide (from R10-Y19) is essentially a random coil when removed from the larger peptide framework; however, inclusion of a disulfide bond bridging its termini induces a helical nature, as evidenced by slightly increased secondary shifts. Structure calculations were performed only on the ribbon and bead isomers because the globular form apparently does not have a single conformation. Because the secondary shifts suggested a slightly better defined structure for the ribbon isomer, additional 900-MHz NMR data were acquired for this peptide. Nevertheless, neither ribbon nor bead isomer gave a precisely overlaid ensemble of structures when the superposition was made across the entire molecule. However, closer inspection of the disulfide-restrained loops at either end of the bead isomer shows that these loops (C2-C9 and C20-C27) are internally well defined ( Fig. 1 and Table S2) but are "uncoupled" from one another by the 10-19 linker region, which has a slight helical tendency. The larger loop between C9 and C20 of the ribbon isomer contains a better defined but short 3 10 -helix (from Y12-R16), and this helix-loop region overlays well between NMR models ( Fig. 5 ; rmsd of 0.99 ± 0.33 Å across backbone atoms).
Molecular Modeling of GeXIVA Interactions. A potential binding site of GeXIVA located at the interface between the α9 (principal) and α10 (complementary) subunits was suggested by molecular modeling. However, it has been shown (16) that the major contribution to the high-affinity binding of RgIA comes from the complementary (−) side of the α9 subunit. The noncompetitive interaction of GeXIVA with RgIA suggests that it is not engaged in the interaction with the α10(+)/α9(−) interface, and GeXIVA could therefore interact either in the α9α10 pocket or at other sites, such as an allosteric binding site. GeXIVA bears nine positively charged residues, suggesting that electrostatic interactions should be important at the interface. The bead and ribbon isomers have similar binding affinities for α9α10, suggesting that they interact using nonspecific interactions involving long range electrostatic interactions 
min. Both toxins were then washed out, and the response was measured following 2 min of washout. Note that an increasing concentration of GeXIVA [1, 2] had no effect on percent response to ACh (n = 5-6 oocytes). H-NMR spectra of GeXIVA recorded at 298 K and 600 MHz. Globular, GeXIVA [1, 3] ; ribbon, GeXIVA [1, 4] ; and bead, GeXIVA [1, 2] isomers are shown.
or that the two isomers share a similar local structure crucial for interacting with the receptor. NMR analysis showed that the central part of the peptide, from positions 12-18, is helical for the ribbon isomer and has a small helical propensity for the bead isomer. This shared helical motif between the two isomers is reminiscent of the helix displayed by framework I α-conotoxins (22), most of which seem to adopt a conserved binding mode, with their α-helix deeply buried in the ligand-binding pocket. This pocket is located between the C-loop of the principal subunit and a β-sheet from the complementary subunit (Fig. 6A) .
A model of the α9α10 orthosteric binding site, in which the α9 is the principal subunit, shows that it is highly electronegative (Fig.  6B) , suggesting that it could be the binding site of the positively charged GeXIVA. A model of GeXIVA docked into this pocket was generated by positioning the helix of the ribbon isomer at the same location as the location of the framework I α-conotoxins. Of the two possible orientations of the helix, one has good complementarity of charges, whereas the other would create repulsive interactions between positive charges of Arg16, Arg17, and Arg18 of GeXIVA and Arg111 located proximate to the binding site on the α10 subunit. The model of the best orientation was stable over 15-ns molecular dynamics simulations, and displays no distortion of the C-loop, a stable helix, good packing, and charge complementarity (Fig. 6C) . The termini of GeXIVA protrude out of the pocket, suggesting that the helix of the bead isomer should be able to dock similarly.
An interaction in the α9α10 orthosteric ligand-binding pocket cannot explain why the block of α9α10 by GeXIVA is voltagedependent, but a second GeXIVA-binding site on α9α10, possibly having an allosteric effect, was predicted to exist in proximity to the pore using further molecular modeling. Putative allosteric sites for GeXIVA were searched using five coarse-grained molecular dynamics simulations of the α9α10 ligand-binding domain and ribbon GeXIVA. Two simulations showing binding on the membrane side of the pore were discarded because this site is not accessible in the full-length receptor. In one simulation, GeXIVA interacted below the α9α10 orthosteric binding site, but this binding mode was not completely stabilized after a further 200-ns simulation, indicating that it is short-lived, possibly leading to a transition toward binding in the orthosteric site. Finally, the two other simulations resulted in binding at the outskirts of the pore between the α9 and α10 subunits. Of these two simulations, the one with the higher stability displayed a binding mode in which Asp25 of GeXIVA is buried in a small, positively charged pocket between the two subunits and all of the Arg of GeXIVA forms an extended number of electrostatic interactions with negatively charged receptor side chains located on both the α9 and α10 subunits ( Fig. 7 A and B) . As shown in Fig. 7C , other nAChR subtypes that GeXIVA blocks with high nanomolar IC 50 display a similar electropositive pocket surrounded by negatively charged residues, but the electronegative patch seems to be absent from the subtypes blocked by GeXIVA at micromolar range IC 50 . The two binding sites that were suggested by molecular modeling can potentially correspond to low-and high-affinity binding sites, which have been shown to exist for other α-conotoxins (23) . To test these predictions, we synthesized three mutants of GeXIVA. First, we synthesized a truncated version of GeXIVA containing the central residues R10-Y19. This nine-residue peptide potently blocked the α9α10 nAChR with an IC 50 of 178 nM (Fig. S6) , consistent with interaction of this segment of GeXIVA binding to the receptor.
Next, we mutated Asp25 to either Asn (GeXIVA [1, 4] (D25N) ) or Ala (GeXIVA [1, 4] (D25A)). Both peptides had an IC 50 of 27 nM, which was three-to fourfold higher than the parent peptide (Fig.  S6) . Thus, replacement of the negatively charged Asp with a neutral residue reduced potency, consistent with the model.
Effects of GeXIVA[1,2] on Chronic Constriction Injury-Induced Mechanical
Hyperalgesia. Constriction of the sciatic nerve is a commonly used model of chronic neuropathic pain (24, 25) . Postinjury thresholds to mechanical stimuli were evaluated 11-13 d after surgery. Eligible chronic constriction injury (CCI) rats were treated with an i.m. injection of saline alone, 0.3-2 nmol of GeXIVA [1, 2] , or 500 nmol of morphine, which served as a positive control. Preinjection pawwithdrawal threshold (PWT) (t = 0) and post-CCI PWT 1-6 h postinjection were then assessed. GeXIVA [1, 2] significantly reduced mechanical hyperalgesia induced by CCI (Fig. 8) . The GeXIVA[1,2]-treated animals showed significantly increased PWTs relative to pre-CCI (t = 0) and relative to the saline-treated group (Fig. 8 A and C) . The robust increase in PWT persisted at least 6 h after injection of GeXIVA [1, 2] . The area under the curve (AUC) was calculated for each treatment; GeXIVA[1,2] displayed a significant increase in AUC as a function of increasing dose. Doses of 1 and 2 nmol produced effects that did not differ significantly from the effect of 500 nmol of morphine (P > 0.05).
Effect of GeXIVA [1, 2] on Motor Function. Potential effects of 2.5 nmol of GeXIVA [1, 2] on rotarod latencies (n = 8) were measured to assess whether the conotoxin caused motor impairment in rats. GeXIVA [1, 2] had no significant effect on the performance of rats in the accelerating rotarod test during any of the time points 1, 2, 4, or 6 h after i.m. injection (Fig. S7) . Thus, motor performance was not impaired and did not interfere with hyperalgesia testing.
Discussion
In this study, we characterized a previously unidentified peptide GeXIVA from the South China Sea mollusk C. generalis. Homology in the pre-propeptide sequence indicates that it is a member of the O1 gene superfamily. However, to our knowledge, GeXIVA is the first member of this superfamily with four rather than six Cys residues, and this structural difference translates into striking functional differences. Whereas many other O-superfamily peptides block voltage-gated Ca 2+ channels, GeXIVA is inactive at these targets. The ω-conotoxins were the first members of the O-superfamily to be identified, and they potently block various subtypes of VGCCs, with pharmaceutical applications in some cases. For example, the selectivity of ω-conotoxin MVIIA for N-type calcium channels has led to its use as an intrathecally delivered drug to treat refractory chronic pain in patients with cancer (26) . It is remarkable that the newly characterized peptide is inactive at VGCCs but blocks nAChRs, most potently the α9α10 nAChR subtype.
The α9α10 nAChR has been implicated in pain signaling, and α-conotoxins that block this receptor are effective in the chronic constriction nerve injury model of neuropathic pain (27) . Therefore, GeXIVA was tested using the chronic constriction nerve injury model and shown to reduce mechanical hyperalgesia dosedependently from CCI of the sciatic nerve. Motor performance was not impaired, indicating that analgesic effects were not confounded by motor deficits. Analgesic effects occurred at low doses (2 nmol or lower), with the 2-nmol dose producing effects greater than or equal to a dose of 500 nmol of the opioid analgesic morphine. Several studies have shown that some α-conotoxins block VGCCs via stimulation of GABA B receptors, suggesting that antinociceptive effects were mediated through blockade of N-type calcium channels (28) (29) (30) (31) (32) (33) . However, some studies have not fully reproduced this effect (34, 35) , and we show that GeXIVA fails to block VGCCs. Because GeXIVA is active at α9α10 nAChRs, but not VGCCs, our findings provide support for the involvement of α9α10 nAChRs in pain sensation. GeXIVA is active after i.m. injection, rather than requiring intrathecal administration like the analgesic ω-conotoxin MVIIA that targets Ca 2+ channels. The size and positive charge of GeXIVA make it unlikely that it would cross the blood-brain barrier, suggesting a peripheral site of action.
α-Conotoxins are competitive blockers of nAChRs, and their blocking of α9α10 nAChRs occurs by occupation of a site at the α10/α9 subunit interface (16, 33, 36) . There are no characterized radioligands for α9α10 nAChRs or cell lines that robustly express α9α10 nAChRs to perform radioligand competition binding assays. Functional competition experiments with α9α10 nAChRs expressed in oocytes suggested that GeXIVA and RgIAm may bind to separate sites. In addition, the block of α9α10 nAChR by GeXIVA is strongly voltage-dependent, consistent with noncompetitive binding to α9α10 nAChR. Thus, αO-conotoxin GeXIVA represents a previously uncharacterized probe that may further define binding sites on the α9α10 nAChR. Its three active disulfide isomers provide additional opportunities for elucidating structure-activity relationships. Interestingly, the globular isomer was the least potent of the three. Whereas there is precedent for Fig. 7 . Potential second binding site of GeXIVA [1, 4] on the extracellular domain of α9α10 and other nAChRs. (A) α9α10 Subtype displays an electropositive pocket surrounded by two negatively charged patches next to the central pore on the ligand-binding domain. (B) This patch was identified by coarse-grained molecular docking as a potential interaction site of GeXIVA, with its side chain, D25, occupying the positively charged pocket and several of its Arg side chains establishing charges and salt bridge interactions with positively charged residues of α9 and α10 subunits. (C) Same motif of electrostatic potential could be identified on the surface of other tested nAChR subtypes, and the integrity of this motif seems to correlate with the activity of GeXIVA. The fold difference from the activity on α9α10 is given in parentheses. The molecular models of the nAChR ligand-binding domains were built by homology with AChBP structure (PDB ID code 2BR8), the extracellular domain of monomer α1 subunit (PDB ID code 2QC1), and the structure of the β-subunit in the EM structure of Torpedo marmorata muscle type nAChR (PDB ID code 2BG9). The solvent-accessible surfaces were colored from red to blue, corresponding to electrostatic potentials from −5 kT/e and below to +5 kT/e and above, respectively. high potency of ribbon isomers (e.g., for α-conotoxin AuIB) (37) , high potency of a bead form is rare. However, bead isomers have been infrequently studied, and our findings hint that greater attention to these isomers might lead to a fuller understanding of conotoxin structure-activity relationships.
The characteristics of GeXIVA are compared with other selected conotoxins in Table 2 . Most O1-superfamily conotoxin mature peptide regions share a conserved arrangement of six Cys residues (C-C-CC-C-C, framework VI/VII). These include the well-known conotoxins that block VGCCs. In addition, precursor peptides highly homologous to GeXIVA have been cloned from C. generalis and Clonus miles. The function of these two peptides is unknown, but their precursors differ in their mature toxin regions by having five and six Cys, respectively (38, 39) , instead of the four Cys found in GeXIVA.
In the current study, three different disulfide isomers of GeXIVA were synthesized and assessed functionally and structurally. The globular isomer has two or more conformations that coexist in intermediate exchange on the NMR time scale. In contrast, the ribbon and bead isomers have sharper spectra indicative of either single conformations or fast exchange between conformations. The ribbon isomer contains a well-defined loop of 12 residues restrained by a disulfide bond and featuring a 3 10 -helix between Tyr12 and Arg16.
It is interesting to note the differences between GeXIVA and other reported framework 14 conotoxins, particularly the loop size separating the disulfide bonds. In each of these conotoxins, at least two of the loops are small (i.e., one to three residues), whereas a third loop is often much larger (10-11 residues). For example, both Vil14a and Flf14a share the pattern of C(X3)C(X11)C(X3)C (40), whereas Pu14a has the pattern C(X10)C(X)C(X3)C. In contrast, GeXIVA has three loops of 6, 10, and 6 residues. These three large loops probably contribute to the flexibility of the globular isomer and to the ill-defined nature of the midloop of the bead isomer. Among the ∼80 known framework XIV conopeptides, GeXIVA stands out as having the largest number of Arg residues, which have been suggested from the modeling studies to be crucial for inhibitory activity at the α9α10 nAChR subtype. The nAChRs are found at neuromuscular and/or neuroneuronal synapses, as well as at extrasynaptic locations across the whole phylum of bilateria from nematodes to mammals (41) . Previously characterized conotoxin nAChR antagonists have been members of the A-, B-, C-, D-, M-, S-, L-or J-superfamily of conotoxins. Overall, there are eight different families of conotoxins that are known to target the nAChRs: α-conotoxins, αB-conotoxins, αC-conotoxins, αD-conotoxins, ψ-conotoxins, αS-conotoxins, αL-conotoxins, and αJ-conotoxins (Table 2) . GeXIVA is the first peptide with potent activity at the nAChRs that belongs to the O1-gene superfamily. Its structure provides another illustration of the diverse range of peptides from cone snails that target nAChRs. Only 10% of known conopeptides have been at least partly functionally characterized, ca. 200 of ca. 2,000 conopeptides, and it has been estimated that the total number of distinct conopeptides could reach hundreds of thousands (42) . The previously unidentified activity displayed by GeXIVA, which blocks nAChR differently from framework I-conotoxins, suggests that a wide range of conopeptides with yet other novel activities on the nervous system await discovery.
The α9α10 nAChR is of increasing interest in biomedicine, and α-conotoxins that block the α9α10 nAChR subtype are analgesic (9, 27, (43) (44) (45) . The 4.6 nM IC 50 of GeXIVA [1, 2] places it among the most potent peptides that target α9α10 nAChRs; the IC 50 s (nanomolar) for α-conotoxins Vc1.1, RgIA, and PeIA are 19, 5.2, and 6.9, respectively (43, 46) . Small-molecule antagonists of α9α10 nAChRs (which have IC 50 s as low as 0.51 nM) are also analgesic in rodent models of neuropathic pain (47) (48) (49) , further validating α9α10 nAChR as an important therapeutic target. Each of these tested α9α10 antagonists produces long-lasting analgesia after single injection. The α-conotoxins show an increasing effect after repeated administration, suggesting a possible disease-modifying effect (9, 27, 43) . Similar testing of GeXIVA, as well as head-tohead comparisons with these other α9α10 nAChR antagonists, will be of interest. Development and testing of selective α9α10 antibodies in pain models would also be of interest for future studies. Separately, blockade of the α9α10 nAChR has been shown to slow the development of breast cancer in animal models, and these receptors may also be therapeutically relevant to lung cancer (50) (51) (52) . Novel antagonists of the α9α10 nAChR, such as GeXIVA, represent valuable probes of this receptor subtype and could be considered for the development of new drug leads.
Materials and Methods
Materials. C. generalis specimens were collected from the South China Sea off Hainan Province. Venom ducts were frozen and stored at −80°C.
cDNA Cloning and Sequencing. Total RNA was extracted from C. generalis venom ducts and purified using an RNA isolation kit, which was described previously (53) . cDNA was prepared by RT of the total RNA. The resulting cDNA served as a template for RT-PCR, which was performed using primers on conserved elements in the UTRs of O1-superfamily conotoxins as follows: forward primer 1, 5′ CATCGTCAAGATGAAACTGACGTG 3′ (24 bp); reverse primer 2, 5′ CACAGGT ATGGATGACTCAGG 3′ (21 bp). Then, the online ProP 1.0 Server was used to predict the signal and mature peptide of the conotoxin precursors (54) .
Peptide Synthesis. The peptide sequence was assembled by solid-phase methodology on an ABI 433A peptide synthesizer (Applied Biosystems) using Fmoc chemistry and standard side-chain protection, except for Cys residues. Cys residues of the three possible isomers were protected in pairs with either S-trityl on Cys20 and Cys27 (designated GeXIVA [1, 2] ), Cys9 and Cys27 (designated GeXIVA [1, 3] ), or Cys9 and Cys20 (designated GeXIVA [1, 4] ) or S-acetamidomethyl on Cys2 and Cys9, Cys2 and Cys20, and Cys2 and Cys27. A two-step oxidation protocol was used to fold the peptides as described previously (55) . α-Conotoxin RgIA and its analog, RgIAm, were synthesized as previously described (16, 17) . Voltage-Clamp Recording. Oocytes were voltage-clamped at −70 mV at room temperature. In addition, a range of membrane potentials from −90 mV to +50 mV was tested for rat α9α10 nAChR (15) . The activity of the most potent isomer of GeXIVA was tested on rat α9α10 nAChR at +30 mV and −40 mV. Oocytes were voltage-clamped and exposed to ACh and peptide as described previously (56) .
Voltage-Dependent Calcium Current Recording in Rat DRG Neurons. L 4 and L 5 DRG neurons were enzymatically dissociated (57), plated onto polylysinecoated glass coverslips, and maintained overnight at 37°C in a 5% (vol/vol) CO 2 incubator in minimum essential media with 10% (vol/vol) FBS and 1% penicillin/streptomycin. DRG neurons were recorded in a solution containing 145 mM N-methyl-D-glucosamine (NMG)·Cl, 5 mM BaCl 2 , 10 mM Na·Hepes, and 5 mM glucose, with pH 7.4 and an osmolarity of 320 mOsm. The pipette solution contained 104 mM NMG·Cl, 14 mM creatine·PO 4 , 6 mM MgCl 2 , 10 mM NMG·Hepes, 5 mM Tris·ATP, 10 mM NMG 2 ·EGTA, and 0.3 Tris 2 ·GTP, with pH 7.4 and an osmolarity of 300 mOsm. Ionic currents were recorded and analyzed as previously described (19, 58) . Recordings were carried out at room temperature, and the holding potential was −80 mV. Group data were calculated as mean ± SD, and Student's t test was used to determine significant differences (P < 0.05).
NMR Spectroscopy. Samples were dissolved in 90% (vol/vol) H 2 O/10% (vol/vol) D 2 O at pH ∼3, and spectra (total correlation spectroscopy, NOESY, double quantum-filtered correlation spectroscopy, heteronuclear single-quantum correlation spectroscopy, and diffusion-ordered spectroscopy) were recorded on a Bruker 600-or 900-MHz spectrometer at 280 K, 298 K, or 308 K. The samples were also reexamined after addition of 10-30% (vol/vol) TFE. Spectra were acquired with 4,096 data points in the first dimension and 512 data points in the second dimension. Chemical shifts were referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonate at 0 ppm. Spectra were processed with Topspin (Bruker Biospin) and analyzed with SPARKY software. Diffusion experiments were performed to measure the translational diffusion coefficients relative to an internal standard of dioxane (59) . The effective hydrodynamic radii of the isomers were measured to determine whether the peptide was aggregating under the conditions used to acquire the NMR data.
Structure calculations were based on distance restraints derived from NOESY spectra, and on backbone dihedral angle restraints generated using TALOS+ (60) . A family of structures consistent with the experimental restraints was calculated using CYANA (61) . Structures were visualized using MOLMOL (62) and assessed using PROCHECK-NMR (63) and PROMOTIF (64) .
CCI. Male Sprague-Dawley rats (∼200 g) were obtained from the Guangdong Medical Experiment Animal Center and used with permit SCXK 2013-0002 (Guangdong rats) or from the Beijing Si Bei Fu Experiment Animal Company and used with permit SCXK 2011-0004 (Beijing rats). All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Hainan University and A. T. Still University and followed NIH guidelines. CCI was produced using the method of Bennett and Xie (25) . Adult rats were deeply anesthetized with sodium pentobarbital (80 mg/kg i.p.); the rightside sciatic nerve of each animal was exposed at midthigh level, and four chromic gut ligatures (4-0) were tied loosely around the nerve, 1 mm apart. Great care was taken to tie the ligations to constrict the nerve just barely to prevent arresting of the epineural blood flow. The muscle layer and skin were sutured and closed separately. Testing was begun 11-13 d after surgery. By this time, the CCI rats had grown to a weight of ∼250 g.
Mechanical Hyperalgesia
Testing. Mechanical PWT was measured by two methods. One was using a series of manual von Frey hairs (Aesthesio Precision Tactile Sensory Evaluator; Danmic Global) for Beijing rats (65) . Another was using an electronic von Frey aesthesiometer (electronic von Frey model 2390 series; IITC Life Sciences) for Guangdong rats. Mechanical PWT (grams) was recorded from the injured right-hind paw of each CCI rat. The CCI rats were randomly divided into different groups to receive i.m. injection of compound. Negative control animals received injections of saline. GeXIVA [1, 2] was dissolved in 0.9% saline on the day of the experiment. Four groups of Beijing rats (n = 8) were injected with either saline alone or one of three doses of the peptide GeXIVA [1, 2] (0.3 nmol, 0.6 nmol, or 1.2 nmol), and mechanical PWTs were tested using a series of manual von Frey hairs. Another four groups of Guangdong rats (n = 6) were injected with saline alone, 500 nmol of morphine, or GeXIVA [1, 2] (1 nmol or 2 nmol). The experimenters were blinded to drug treatments in all experiments.
Molecular Modeling. The NMR structure of GeXIVA [1, 4] was docked into the α9α10 orthosteric binding site of the rat α9α10 nAChR using Modeler 9v13 (66) and structural alignment of its α-helical segment to the α-helical segment of α-conotoxin PnIA bound to AChBP (Protein Data Bank ID code 2BR8), which is a structural surrogate to nAChRs. Two models corresponding to opposite orientations of the α-helix were generated and refined using 20-ns molecular dynamics simulations carried out with GROMACS 4.6.5 (67) and the GROMOS 54a7 force-field (68) . The system was heated from 60 to 300 K, and restraints on the positions of the protein atoms were progressively removed over 5 ns. Unconstrained coarse-grained simulations of the interactions of GeXIVA with the ligand-binding domain of α9α10 nAChR were carried out by initially placing GeXIVA randomly around the ligand-binding domain. These simulations were done using GROMACS 4.6.5 (67) and the MARTINI 2.2 force-field (69) .
Measurement of Motor Function. The accelerating rotarod (model 3375-R4; TSE Systems) was used to test αO-conotoxin GeXIVA [1, 2] effects on motor function with a maximal cutoff time of 300 s by methods described by Klimis et al. (70) . Ambulation was tested by measuring the latency to fail negotiation of accelerating speeds of 4-40 rpm during a maximum time of 300 s. Each animal was tested immediately before i.m. injection, and then at 1, 2, 4, and 6 h after injection. The rats were tested for 300-s trials with an interval of 15 min.
Data Analysis of CCI and Rotarod Tests. Results of CCI and rotarod tests were expressed as mean ± SEM, which were analyzed using GraphPad Prism (version 5 for Windows). Two-way ANOVA (time and drug) was performed with Bonferroni posttests for CCI PWTs and the latencies of the rotarod test. AUC data were generated using the AUC function in Prism, which were analyzed by one-way ANOVA with Dunnett's multiple comparison posttests, including the preinjection (t = 0) to 6-h time point. P < 0.05 was considered statistically significant.
